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Detached Eddy Simulations (DES) were carried out to analyze the influence of ground
clearance and to estimate the unsteady wind loading on solar panels. A generic type of
solar panel was considered at three different ground clearances. For the range of ground
clearance values considered in the study, the results show that an increase in the
clearance produces stronger vortex shedding fluctuations, higher shedding frequencies,
and larger mean and unsteady wind loading. For the smallest ground clearance, an
irregular vortex shedding was observed. The flow structures formed in the wake are
analyzed using various indicators of turbulence characteristics including the vorticity and
the λ2 criterion. The flow structures suggest a complex formation and subsequent
shedding of vortices. The absence of regular vortex shedding at the smallest ground
clearance and the presence of the same at the mid-ground clearance value suggests a
reference for minimizing the unsteady wind loading of solar panels. Furthermore, the
unsteady results reveal that the lower sections of the panel are more vulnerable to wind
loading.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Recently, there has been a proliferation in the use of solar panels for electricity generation. Unsteady wind loading on
bluff bodies such as solar panels can cause significant damage to the structure and can have a significant influence on the life
span of the structural elements. Several studies have been carried out to evaluate the wind loading on solar panels.
Shademan and Hangan (2009, 2010) performed steady Reynolds-Averaged Navier–Stokes (RANS) simulations on flow past
solar panels to analyze the effect of wind direction and panel inclination angle on the mean wind loading. They found the
wind loading to be a maximum when the wind was from either the front or back face and that the corner panels may be
subjected to increased loading. Bitsuamlak et al. (2010) carried out experiments and numerical simulations and noticed that
the maximum wind loading occurred at a wind direction of 1801. Shademan et al. (2014) conducted steady RANS
simulations to investigate the effect of gap spacing between panels on the mean wind loading. They found that an increase
in the size of the gap significantly changed the flow structure behind the panels, which consequently affected the wind
loading. Due to the pressure drop on the suction side in regions close to the gaps, these areas become more vulnerable to
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higher wind loading. Although these studies provided information to better design solar panels, unsteady features were not
considered. Unsteady features in the wake region are mainly caused by the generation and shedding of vortices. Since solar
panels are installed at different ground clearances, the occurrence of the vortex shedding at a specific height can contribute
significantly to the unsteady forces.
Literature shows that there have been wind tunnel studies to analyze the dependency of vortex shedding on ground
clearance for other bluff bodies. For example, Wu and Martinuzzi (1997) carried out wind tunnel tests on a square cylinder
and observed that the interaction between the upper and lower separating shear layers was reduced due to the weaker
shear layer on the bottom of the cylinder. Durao et al. (1991) carried out laser Doppler measurements on a square cylinder at
various heights above a plane channel wall. They noticed that regular vortex shedding was suppressed at a certain ground
clearance.
Other studies have also shown the existence of a critical ground clearance for the generation of vortex shedding
for different bluff bodies including circular cylinders (Bearman and Zdravkovich, 1978), triangular cylinders (Kamemoto
et al., 1984), square cylinders (Taniguchi et al., 1983) and a two-dimensional normal plate (Everitt, 1982). Straatman and
Martinuzzi (2002) performed RANS simulations of the experiments carried out by Wu and Martinuzzi (1997), using different
second moment closure models. In their results, the computational prediction of drag appeared to be validated, but the lift
and shedding frequency had major differences when compared to the experimental results. They suggested that the results
can be improved by using Low-Re turbulence models.
Previous studies suggest that there is a strong relationship between vortex shedding and ground clearance. However,
most of the numerical studies on flow past solar panels are RANS based which are incapable of capturing the vortex
shedding (Shademan et al., 2014). To overcome this limitation, a Detached Eddy Simulation (DES) of flow past a generic set
of solar panels was carried out in the current study. The recent results of Nasif et al. (2014) on DES for flow past bluff bodies
makes this method promising for the current analysis. We investigate the effect of ground clearance on unsteady wind
loading, pressure distribution, flow structures and evaluate a critical ground clearance at which vortex shedding begins. This
critical ground clearance can be used as a reference for minimizing the unsteady wind loading on solar panels with similar
aspect ratios.
2. Geometry modeling
The geometry for this study is shown in Fig. 1(a). The panel is 4.2 m in length, 3.2 m in width, 0.05 m thick, and set at an
inclination angle ∅¼1351 with respect to the horizontal (Fig. 1(b)). This is a mid-range angle at which solar panels are
generally installed. In this figure, Δ ¼ W sin ðπ ∅Þ is the projected width of the panel. The origin of the coordinate system is
located on the ground under the right bottom corner of the panel. Different ground clearance values (H/Δ¼0.22, 0.66

Fig. 1. (a) Geometry of the solar panel and (b) definition of inclination angle.
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and 1.11, where H is the ground clearance) were modeled with the approach wind flow maintained parallel to the ground at
zero yaw angle. This wind direction was selected based on the recommendation of Shademan and Hangan (2009, 2010)
because of the potential for very high loading at this condition. Scaling the coordinates with Δ, the panel is situated at
0 r x/Δr 1, H/Δ ry/Δr 1 þH/Δ and 0 r z/Δ r 1.85. To ensure minimum influence of the computational boundaries, the
domain is set to be 105 m long, 46 m wide and 20 m high (Fig. 2(a)). The blockage ratio is about 1.1%, which is smaller than
the 3% upper limit recommended by Franke et al. (2007) to minimize wall interference effects.
A fully structured mesh of hexahedral elements is generated with a high-density mesh around the panel and on the
ground to capture the high shear stresses in these regions. The surface grid spacing was maintained in the range of h þ o1,
where h þ ¼uτh/ν is a non-dimensional wall distance, h is the normal distance from the wall, ν is the kinematic viscosity,
uτ ¼(τw/ρ)0.5 is the friction velocity, τw is wall shear stress and ρ is the density. Grid independence tests were performed by
increasing the number of cells in 10% increments in each direction until there was no significant change in the aerodynamic
forces on the panel. Based on these tests, a mesh with 220  190  125 cells in x, y and z directions, respectively, was
selected for subsequent simulations.
The side and top walls of the flow domain are considered as impermeable slip walls. The solar panel and ground are
treated as no slip walls with zero roughness. A wind velocity profile representative of an atmospheric boundary layer is used
at the inlet to the domain. Using ASCE 7-05 (2005), a wind velocity of 25 m/s at the height of 10 m was selected. To simulate
this inlet condition, a power-law equation is used
!α
uðyÞ
y
¼
;
ð1Þ
Ug
yg
where yg is the atmospheric boundary layer height of the terrain, Ug is the geostrophic wind velocity, α is an exponent
dependent on the terrain and y is the distance from the ground. In the current study an open terrain was considered with
α¼0.16 and yg ¼300 m. The inlet velocity profile was matched with the experimental data of ESDU 82026 (1982).
Not considering the roughness effect on the ground results in inhomogeneity in the wind flow upstream of the panel. To
keep the wind flow homogeneous while approaching the panel, the upstream length of the domain was set according to the
recommendations of Blocken et al. (2007a, 2007b). Upstream velocity profiles including those at the inlet, approaching
(10 m from the panel) and incident (2 m from the panel) locations are plotted in Fig. 2(b). In this figure, Hp is the solar panel
height and Up is the wind velocity at this level. This figure demonstrates that the change in the upstream profiles is
insignificant and homogeneity of the upstream flow is preserved.
3. Governing equations
Detached Eddy Simulation (DES) is a hybrid method, which uses unsteady RANS models in the boundary layer and LES
modeling in the free stream region. This method significantly reduces the computational costs compared to a conventional
LES (Wang and Chen, 2009). In the present simulations, the SST k–ω RANS model (Menter, 1993) is used.
In addition to solving the momentum and continuity equations for velocity and pressure, the DES method calculates the
turbulence from the following transport equations:


∂
∂
∂
∂k
ðρkÞ þ ðρkui Þ ¼
Γk
ð2Þ
þ Gk  Y k þSk ;
∂t
∂xi
∂xj
∂xj


∂
∂
∂
∂ω
ðρωÞ þ ðρωui Þ ¼
Γω
þ Gω  Y ω þSω :
∂t
∂xi
∂xj
∂xj

Fig. 2. (a) Domain dimensions and boundary conditions and (b) inlet, approach and incident velocity and turbulence intensity profiles.

ð3Þ
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In these equations, ui is the velocity component in the xi (i¼1, 2, 3) direction, k is the turbulence kinetic energy, ω is the
specific dissipation rate, Gk represents the generation of k due to mean velocity gradients, Gω represents the generation of ω,
Γk and Γω represent the effective diffusivity of k and ω, Yk and Yω are the dissipation of k and ω due to turbulence and Sk and
Sω are user-defined source terms. In the SST k–ω based DES method, the dissipation term in Eq. (2) is written as
Y k ¼ ρβn kωF DES ;

ð4Þ

n

where β is a constant of the SST model and FDES is determined from


Lt
ð1 F SST Þ; 1 with F SST ¼ 0; F 1 or F 2 :
F DES ¼ max
C DES δ

ð5Þ

In this equation, CDES is equal to 0.61 (Menter and Kuntz, 2003), δ is the maximum local grid spacing (i.e., maximum of δx,
δy, δz) and Lt is the turbulent length scale, related to k and ω by
Lt ¼

√k
:
βn ω

ð6Þ

F1 and F2 are the blending functions of the SST model (Menter, 1993) and FSST ¼0 recovers the Strelets model (Strelets,
2001). These blending functions have a value of 1 in the near wall region and 0 away from the surface. Function F1 is
activated in the boundary layer while the function F2 extends further out into the flow. Function F1 is defined as
"
#
!
pﬃﬃﬃ
k 500ν
4ρk
; 2
F 1 ¼ tanh ðΦ41 Þ; where Φ1 ¼ min max
:
ð7Þ
;
0:09ωy y ω
σ ω;2 Dωþ y2
Here σω,2 ¼1.168, y is the wall normal direction and Dωþ is the cross-diffusion term given by


1 1 ∂k ∂ω
Dωþ ¼ max 2ρ
; 10  10 :
σ ω;2 ω ∂xj ∂xj
Function F2 is defined as
F 2 ¼ tanh

ðΦ22 Þ;

#
pﬃﬃﬃ
k 500ν
where Φ2 ¼ max 2
;
:
0:09ωy y2 ω

ð8Þ

"

ð9Þ

The turbulent kinetic energy and dissipation rate applied at the inlet is based on the equations presented by Blocken
et al. (2007a):
un2
ﬃﬃﬃﬃﬃﬃ;
kðyÞ ¼ pABL
Cμ
εðyÞ ¼

3
unABL
;
κy

ð10Þ

ð11Þ

where unABL is the atmospheric boundary layer friction velocity, κ is the von Karman constant ð  0:40  0:42Þ and C μ is a
model constant. In the case of the k  ω SST turbulence model, these profiles are combined to provide the specific
dissipation rate ω (ω ¼ ε=C μ k). The turbulent kinetic energy profile, expressed in terms of turbulence intensity (Iu),
compares well with the values obtained from ESDU 83045 (1983).
The finite volume method is used to discretize the governing equations. The second-order upwind scheme is used to
discretize the convective terms. Time-marching is performed using a fully-implicit second-order scheme. Based on the
current mesh topology and in order to satisfy the Courant number condition, the time step is set at 1  10  4. The SIMPLE
algorithm is used for coupling velocity and pressure. ANSYS FLUENT (ANSYSs Academic Research, Release 14.0) is used to
solve the governing equations. Mean values of flow variables are determined by averaging the instantaneous results long
after the start of the simulation and the flow has reached a fully established condition.
4. Validation
To validate the numerical model, wind tunnel tests carried out by Fage and Johansen (1927) on flow past a flat plate at
different inclination angles were modeled. They measured steady and unsteady flow quantities including mean pressure,
shedding frequency, Strouhal number and aerodynamic loading.
Three-dimensional unsteady turbulent flow past an unconfined normal flat plate (∅¼901) was computed using the DES
model described in Section 3. The plate modeled in this simulation has a chord length of 0.15 m and a span of 1.5 m.
The recommendations of Bosch and Rodi (1996) were used to define the distance between the plate and boundaries in order
to minimize blockage issues. The top, bottom and two side boundaries were considered to be walls with a slip condition,
which is equivalent to assuming them to be far-field free stream-surfaces. No slip and no penetration boundary conditions
were applied on the plate. A uniform velocity of U1 ¼15 m/s was set at the inlet. The corresponding Reynolds number based
on the chord length is 105. A fully structured hexahedral mesh was generated for the domain, which resulted in 5.9  106
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cells. The mean pressure coefficient (Cp ¼(P P1)/(0.5ρU 21 )) obtained from the current simulations is presented in Fig. 3(a).
Good agreement can be seen between the present simulations and the experimental results.
Fig. 3(b), which shows the iso-surfaces of pressure superimposed with the instantaneous static pressure contours (x–y
plane), clearly shows the vortex shedding. The Fast Fourier Transform of the pressure time history was carried out to
compute the power spectra. The Strouhal number based on the peak frequency (f), characteristic height (Δ) and approaching
air velocity (U1) was calculated to be 0.140 (Fig. 3(c)), which matches well with the experimentally observed value of 0.147.
This validation provides guidance for the numerical setup and boundary conditions used for the simulation of the turbulent
wind flow over a flat solar panel.
5. Mean results for the solar panel
The present DES modeling is designed to evaluate the unsteady wind forces caused by vortex shedding at different
ground clearances (H/Δ¼0.22, 0.66 and 1.11). Determining a critical ground clearance at which the vortex shedding is likely
to commence is of particular interest. Other flow parameters such as mean and turbulent quantities, force coefficients,
pressure distribution and shedding frequency are also investigated.
5.1. Mean flow and pressure fields
Fig. 4 illustrates the mean flow sectional streamlines superimposed on mean pressure contours in two different x–y
planes, for H/Δ¼ 0.22. Fig. 4(a) corresponds to a plane near the mid-section (z/Δ¼0.9), while Fig. 4(b) shows the results at a
section close to either the left or right edge of the panel (z/Δ¼0.05 or 1.8). These figures demonstrate that the recirculation
length (Lw) decreases by moving from the mid-plane towards the outer edges of the panel. A similar reduction in the spread
of the separation bubble occurs in the upper region of the wake, which is generated by the flow separating from the
top edge.
In Fig. 4(a), a larger mean pressure difference between the windward and leeward surfaces can be seen in the region
between the middle and the bottom sections of the panel, i.e., the stagnation zone is closer to the bottom edge of the panel.
However, this pressure difference reduces from the middle towards the side edges, due to the decrease of pressure on
the windward face. This is consistent with the reduction observed in the length of the recirculation bubble. According to
the sectional streamlines and the pressure contours illustrated in Fig. 4(a) and (b), there is no significant difference in the
vertical location of the core of the separation bubble when moving horizontally across the panel. However, in the
streamwise direction the core of the vortex is closer to the panel in the two side planes (z/Δ ¼0.05, 1.8) than in the middle
section (z/Δ¼0.9).
To get a better understanding of the flow field, several planes parallel to the ground and cutting through the panel were
selected for a ground clearance of H/Δ¼0.22. Fig. 5(a) is representative of a plane close to the bottom edge of the panel

Fig. 3. (a) Mean Cp comparison with experiments, (b) instantaneous pressure field (Pa) over flat plate (ϕ¼ 901), and (c) power spectra density.
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Fig. 4. x–y plane sectional flow streamlines superimposed with mean pressure contours (Pa) for H/Δ ¼ 0.22: (a) mid-section and (b) side edge sections
(right or left).

(y/Δ¼0.3), while Fig. 5(b) and (c) show the results at the mid-section (y/Δ¼0.7) and close to the top edge (y/Δ ¼1.1),
respectively. At the bottom edge, no significant flow structure can be observed in the wake. As we move towards the midsection, two vortices appear which are generated by flow separating from the left and right edges. At the upper edge the two
separation bubbles observed at y/Δ¼0.7 are slightly shifted downstream. From Figs. 4 and 5, three separation bubbles
appear in the wake, one due to the separation of flow from the top edge and the other two from the two side edges of the
panel. The mean sectional streamlines confirm the symmetrical behavior of the mean flow field about the x–y mid-section
(z/Δ¼ 0.9). The role of ground friction and bottom edge separation will be discussed in detail in a later section.
In addition to the sectional streamlines, Fig. 5(a)–(c) also present the mean pressure contours. In the lower section (Fig. 5(a),
y/Δ¼0.3), the high-pressure spots are distributed along the entire length of the panel. However, in the middle section (Fig. 5(b),
y/Δ¼0.7), there is a region in the center of the panel that experiences higher pressures. At the top section (Fig. 5(c), y/Δ¼1.1), the
pressure difference is much smaller than on the other sections. The maximum pressure difference between the windward and
leeward surfaces is located between the bottom and middle planes of the panel. These locations on the solar panel can be
considered as the regions where the mean aerodynamic loads are larger.
To track the flow structures observed in the x–y and x–z planes, cross-sections of the flow field were also analyzed in the
y–z plane. Fig. 6 shows results at x/Δ ¼1 and 3. The two vortices generated from the two side edges of the panel are lifted up
and merged as they move towards the downstream region, and the magnitude of the mean pressure reduces in the core of
the vortices.
Fig. 7 presents the pressure and flow fields at the two other ground clearance values. At H/Δ¼0.66 (Fig. 7(a)), due to
higher approaching wind velocities at this elevation, the magnitude of the pressure on the windward face is increased.
Although the high-pressure region extends from the lower part of the panel towards the top edge, the length of the
recirculation bubble is smaller compared to the flow at H/Δ¼0.22. Due to the increase of pressure in the windward region,
the pressure difference between the panel faces increase. Increasing the ground clearance to H/Δ¼1.11 (Fig. 7(b)), results in a
further reduction in the length of the recirculation bubble and the high-pressure region persists very close to the top edge.
Consequently, the maximum mean pressure difference between the panel surfaces is larger in this case. Since the
aerodynamic forces are a result of the pressure difference, it can be concluded that an increase in ground clearance leads to
larger mean aerodynamic forces.
An important phenomenon from an engineering point of view is the positioning of the high- and low-pressure regions
on the windward and leeward surfaces on the panel. Results (not presented in these figures) indicate that the location of the
high-pressure region is almost fixed on the windward surface at a position close to the bottom edge of the panel. No
movement of this region is observed during the shedding period. To the contrary, the low-pressure spots on the leeward
face fluctuate with time, caused by the shedding of the vortices. As a consequence, the maximum pressure difference occurs
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Fig. 5. x–z plane sectional flow streamlines superimposed with mean pressure contours (Pa) for H/Δ ¼0.22: (a) y/Δ ¼0.3, (b) y/Δ¼ 0.7, and (c) y/Δ ¼1.1.

at the lower section of the panel close to the bottom edge. Therefore, special care has to be taken when designing the
structure to minimize the aerodynamic fluctuations in this region.
Comparing Figs. 4(a), 7(a) and (b), it can be seen that increasing the ground clearance causes the size of this separation
bubble at the top edge to decrease and at H/Δ¼1.11 it disappears. This likely occurs due to the larger flow rate passing under
the panel through the gap region at higher ground clearances. By increasing the ground clearance to a certain level, the
wake region is dominated by only two separation bubbles generated from the two side edges. It is interesting to note that
ground clearance affects not only the flow near the bottom edge of the panel but also at the top edge.

5.2. Flow structure in the gap region
To investigate the influence of ground clearance on the mean flow structures in the gap region, mean vorticity contours
at the mid-section (z/Δ¼0.9) and mean wall shear stress on the ground are plotted. At H/Δ¼0.22 (Fig. 8(a)), the shear flow
which separates from the bottom edge interacts with the ground and is demarcated by two regions (x/Δo1 and 1 ox/Δo2).
By increasing the ground clearance to H/Δ¼0.66 (Fig. 8(b)), the bottom shear flow finds enough space to escape through the
gap as the high vorticity contours do not touch the ground. Further increase of the ground clearance to H/Δ¼1.11 (Fig. 8(c))
allows for a similar penetration of the bottom flow into the downstream region.
Fig. 8(d)–(f) provide a measure of the wall shear stress (bed friction) generated by the flow passing through the gap
region. As Fig. 8(d) demonstrates, for H/Δ¼0.22 the high bed friction regions are located below the bottom and at the left
and right edges of the panel. The high bed friction region destabilizes the flow separating from the bottom edge, causing
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Fig. 6. y–z plane sectional flow streamlines superimposed with mean pressure contours (Pa) for H/Δ¼ 0.22: (a) x/Δ ¼1 and (b) x/Δ ¼3.

Fig. 7. Sectional flow streamlines in streamwise direction superimposed with mean pressure contours (Pa): (a) H/Δ ¼0.66 and (b) H/Δ ¼ 1.11.

high vorticity spots between 0 ox/Δ o2 and across the entire length of the panel. A reduction in the magnitude of the
ground bed friction is observed when the ground clearance increases. Higher friction is associated with more blockage and
ground interference, which causes disruption of the vorticity contours in the wake. For larger ground clearances, lower bed
friction provides easier passage of the flow through the gap and deeper penetration into the downstream region.
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Fig. 8. Mean vorticity contours (a–c) on mid-section (z/Δ ¼0.9) and ground shear stress contours (d–f): (a, d) H/Δ ¼ 0.22, (b, e) H/Δ ¼ 0.66, and (c, f)
H/Δ ¼1.11.

6. Unsteady results for the solar panel
6.1. Forces and shedding frequency
Fig. 9 shows the time history of lift coefficients (CL ¼ FL/(0.5ρU 20 )) for each H/Δ where FL is the lift force, ρ is the density and
U0 is the averaged streamwise velocity. At H/Δ¼0.22, the minimum and maximum CL peaks fluctuate between  0.60 and
0.65. At H/Δ ¼0.66, the magnitude of the lift coefficient increases due to the higher approaching wind velocity and
resulting pressure difference. The minimum and maximum peaks for the lift coefficient are 0.67 and  0.7. At H/Δ¼ 1.11,
the lift coefficient varies between  0.9 and  0.97 which is significantly larger in magnitude than the other two cases.
Increase of the ground clearance from H/Δ ¼0.22 to 1.11 results in higher mean and unsteady wind loading on the
structure. A maximum increase of 10% is observed in the unsteady component of the lift force. Another important
observation is the increase in the amplitude of the fluctuating force when the ground clearance increases. This has to be
taken into consideration since the large amplitude oscillations can cause fatigue issues leading to failure of the structure.
To investigate the shedding frequency of the vortices generated by the interaction of the wind flow with the panel,
pressure was monitored at a point in the wake. Fig. 10 shows the variation of the power spectral density with Strouhal
number (St¼fΔ/U0), where f is the frequency of vortex shedding. The Strouhal number calculated at H/Δ ¼0.22 is 0.139,
however it increases to 0.167 for H/Δ ¼0.66 and to 0.179 for H/Δ¼1.11. The results presented in Fig. 10 also show the increase
in the peak of the power spectral density as a consequence of increasing the ground clearance.
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Fig. 9. Time history of the lift coefficient: (a) H/Δ ¼ 0.22, (b) H/Δ ¼ 0.66, and (c) H/Δ ¼1.11.

Fig. 10. Variation of Strouhal number with H/Δ.

6.2. Flow structure
Forces and Strouhal number do not provide much information about the unsteady phenomena occurring in the flow
field. The structure of the time-dependent flow field can be elucidated by examining the instantaneous vorticity.
The vorticity magnitude contours for a complete shedding period (T¼0.81 s) at equal time intervals of T/3 are shown in
Fig. 11(a)–(d) (left column) in the x–y mid-section plane (z/Δ¼0.9), for H/Δ¼0.22. The contours show several high-vorticity
regions behind the panel, including the shear flows separating from the top and bottom edges of the panel. At this ground
clearance, the high-vorticity regions emanating from the gap are in direct contact with the ground and consequently their
evolution and movement has been strongly influenced by the bed friction. Additionally, a number of high-vorticity patches
(marked as A–C) can be identified on the ground. To identify the source of these small patches, Fig. 11(e)–(h) (right column)
are plotted showing the vorticity contours in the x–z plane at the near-ground height of y/Δ ¼0.05. Close examination
indicates that these patches are part of the shear flows formed from the left and right edges of the panel, and appear to
meander as they migrate downstream.
Fig. 12 shows the vorticity contours corresponding to the ground clearance of H/Δ¼0.66, on the same planes as in Fig. 11.
The contours at the highest ground clearance are similar to those seen in Fig. 12 and are not presented here. The highvorticity regions located at the top and bottom edges of the panel are swept downstream as time advances (left column).
Fig. 12(e)–(h) show that the left and right shear flows do not leave an imprint on the ground. The structures that were
observed in the flow at H/Δ ¼0.22, i.e., patches such as A–C (Fig. 11), are absent at the larger ground clearance.
Fig. 13 shows the instantaneous vorticity magnitude contours in a horizontal plane passing through the bottom edge of the
panel (i.e., y¼H) in the x–z plane. Fig. 13(a) shows that when the panel is close to the ground, the vortices retain their strength
and travel downstream, meandering around the mid-section. At the higher ground clearances of H/Δ¼0.66 (Fig. 13(b)) and
H/Δ¼1.11 (Fig. 13(c)), the shed vortices take on a symmetrical behavior about the mid-section and since they are swept
upward, lose their strength (in this plane) within a short distance behind the panel.
To obtain a three-dimensional perspective of the instantaneous flow structures, the λ2 criterion developed by Jeong and
Hussain (1995) is adopted in the current study. This method identifies the core of the vortices that exist in the flow field,
using the fact that these cores are related to the locations of minimum pressure in the flow. They derived the λ2 criterion by
taking the gradient of the Navier–Stokes equation and decomposing the acceleration gradient term into symmetric and
antisymmetric parts, expressed as SijSij þΩijΩij, where Sij and Ωij are the symmetric and antisymmetric parts of the velocity
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Fig. 11. Vorticity magnitude contours at equal time intervals for one shedding period, (H/Δ ¼ 0.22): (a–d) z/Δ ¼0.9 and (e–h) y/Δ¼ 0.05.

gradient tensor, respectively. The Hessian of the pressure can then be connected to the vortical motions in the flow. The
SijSij þΩijΩij tensor has three real eigenvalues λ1 Z λ2 Zλ3. The point of minimum local pressure requires two eigenvalues of
this tensor to be negative. The second largest eigenvalue λ2 is representative of the local pressure minima region. Thus the
iso-surfaces of λ2 can be used to visualize instantaneous structures in the flow.
The λ2 criteria is used to provide a sample of the instantaneous flow field in Fig. 14, illustrating the separation,
displacement and expansion of the vortices, up to a streamwise distance of x/Δ  20. The color on the vortices represents
the magnitude of streamwise velocity. In all cases, hairpin-like vortices form in the wake. Due to prevailing velocities in the
upper regions of wake, these vortices are stretched and expanded with increasing downstream distance. While near the
ground, at H/Δ¼ 0.22, Fig. 14(a)–(c) show that the two legs of the hairpin vortices are distorted over one shedding period due
to the interaction with the ground. This is consistent with the phenomenon observed in Fig. 11(e)–(h) where small patches
of high vorticity were observed.
Fig. 14(d)–(f) compare the vortices for different ground clearances. At H/Δ¼0.66 (Fig. 14(e)), the flow finds enough space
to escape freely from the bottom edge and consequently the hairpin vortices retain their complete form with their two legs
intact, unlike the H/Δ ¼0.22 case (Fig. 14(d)). This behavior is consistent with results presented in Fig. 12(e)–(h), which
illustrate high-vorticity patches due to the cross-sectional plane cutting through the bottom of the hairpin vortices. Fig. 14(e)
and (f) indicate that the shed vortices maintain their structure at higher ground clearances, while expanding and stretching
with increasing downstream distance. As these vortices travel downstream they appear to bend towards the ground and
their legs get stretched. However, since the hairpin legs are not attached to the ground, these vortices are more stable than
those generated at smaller clearances.
7. Conclusions
Detached Eddy Simulation was carried out to investigate the effect of ground clearance on mean and fluctuating wind
loads experienced by a solar panel. The DES method was used to predict the vortex shedding, which could not be captured
in RANS simulations.

Fig. 12. Vorticity magnitude contours at equal time intervals (T/3) for one shedding period for H/Δ ¼0.66: (a–d) z/Δ ¼0.9 and (e–h) y/Δ ¼0.05.

Fig. 13. x–z plane instantaneous vorticity magnitude contours at y¼ H: (a) H/Δ ¼ 0.22, (b) H/Δ ¼0.66, and (c) H/Δ ¼1.11.
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Fig. 14. Instantaneous λ2 contours (3D view): (a–c) for one shedding period at equal time intervals of T/4 (H/Δ ¼ 0.22), (d) H/Δ ¼0.22, (e) H/Δ ¼0.66 and
(f) H/Δ ¼ 1.11.

It has been shown that the mean flow field past a solar panel is significantly dependent on ground clearance. An increase
in ground clearance increases the stagnation pressure and the mean pressure difference between the surfaces of the panel,
leading to a larger mean wind loading.
Three different mean flow structures are observed in the wake region for the smallest ground clearance case. Two
structures are the result of the separation of flow from the left and right edges and one is due to the separation of flow from
the top edge. As the ground clearance increases, the top separation bubble loses its strength and, at the highest ground
clearance, this separation bubble disappears.
Analysis indicates that increase in ground clearance leads to stronger vortex shedding and larger unsteady forces on the
panel. At small ground clearance, the separated flows from both left and right edges touch the ground and leave their
imprint. However, this behavior is weakened or completely suppressed at larger ground clearances.
Analysis of the unsteady flow structures using the λ2 criterion reveals the generation of hairpin-like vortices which
stretched and expanded while moving downstream. At the smallest ground clearance the distorted shape of the hairpin
vortices is due to the small gap, which weakens the separated flow from the bottom edge. These vortices are highly unstable
and break up within a short distance behind the panel. Furthermore, the fluctuation of the vortices on the leeward face
makes the lower section of the panel very critical in terms of wind loading. At larger ground clearance the air finds enough
space to separate from the bottom edge, allowing the hairpin vortices to maintain their structure. Based on these
observations the critical ground clearance above which the vortex shedding takes a regular form, which should be avoided,
occurs at a level between the smallest and middle ground clearances simulated in this study, and flat solar panels should be
installed close to the ground level to minimize the long term effects of the aerodynamic forces of the panels.
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